Although a continuous flow technique has been applied to pure culture studies by a number of workers, we are aware of only three reports (Rogers and Whittier, 1930; Savage and Florey, 1950; Zubrzycki and Spaulding, 1957 ) describing its use with mixed bacterial cultures. The advantages of the chemostat over the usual test tube-petri plate methods were outlined by Braun (1953) and by Novick (1955) with reference to pure cultures. Many of these advantages, we find, also apply to the study of microbial mixtures. Therefore, it is the purpose of this report to describe a modified Kubitschek (1954) chemostat which we are using to study microbial antagonism and particularly the complex interrelationships that exist among the constituents of the human fecal flora.
MATERIALS AND METHODS
Description. Figure 1 illustrates the essential parts of this continuous flow (CF) apparatus2 except for the thermoregulator, infrared heating unit, and a third reservoir flask. Rubber stoppers are shown in solid black, rubber tubing is shaded, and glass tubing is represented by open lines.
The heart of the apparatus is the culture bottle for which we use a 3-neck, 500 ml, Woulff bottle (Corning Glass Company). The design of this bottle is not entirely satisfactory for our purpose in that the diameter should be uniform throughout as shown in figure 1. The type of bottle available to us, however, is larger around at the top than it is below the neck area, with the result that we prefer to use the middle neck for both the siphon and flow regulator. Under these conditions, the left neck remains closed with a rubber stopper. It is convenient to etch a series of lines indicating successive 50 ml volume levels on the side of the bottle. A magnetic stirring bar is placed in this bottle before it is autoclaved.
The siphon is made of 6 mm glass tubing bent approximately at the angles shown. Rubber junction a is about 2 in long, b about 4 in, c about 2 in, and d about 12 in. The tip of the siphon is just 4 mm from the fused side arm leading to d. The length of the siphon from the clamp on c to the tip of the siphon is about 17 in.
The flow regulator is constructed of 1}j in of 10 mm pyrex tubing fused with about 1fi in of 0.5 mm pyrex capillary tubing. The side arm is about 1i in of 7 mm pyrex tubing. At the top end of the flow regulator is a rubber stopper pierced by a 1 in 20 gauge needle. Through this has been inserted about 6½ in of 26 gauge platinum or nickel-chromium wire which can be adjusted so as to produce the desired flow rate. Sterility is maintained by a cotton plug in the hilt of the needle.
Reservoir flask A(RF-A) is a 4-L pyrex aspirator bottle with outlet for tubing the rubber stopper of which is secured with heavy wire. The thistle tube consists of two fused parts. The first is a 25 mm pyrex test tube heated and drawn out so that only 1 to 1 ½ in of the bottom portion remains. The tapered end is broken off at the point where the diameter is about 7 mm, and to it is fused 12 in of 7 mm pyrex tubing. An opening about 2 mm in diameter is blown in the bottom of the tube.
All glass connections are 7 mm pyrex tubing except the sections labeled 1 and 2. These are fused 7 mm and 10 mm pieces that connect the } in bore rubber tubing on the bottom outlets of the reservoir flasks with the smaller (.6 in) rubber tubing on the remainder of the apparatus.
Reservoir flask B(RF-B) is a 4 L pyrex aspirator bottle, as is also reservoir flask C(RF-C) not shown in figure 1 . The latter is stoppered with cotton-gauze, and the bottom outlet is equipped with a rubber-glass connection like the one between RF-A and RF-B.
Setting up the apparatus. Sterilize the several 278 The flow regulator is made airtight with sealing wax. A strong seal is obtained by covering the hilt of the needle and the rubber stopper with a small piece of gauze, then layering the melted wax on the cotton plug in the hilt of the needle until the overflow seals the entire needle and rubber stopper. Now place RF-A on a stand so as to provide a liquid pressure head (H) of about 10 in. In order to start the flow of culture broth, an increased liquid pressure head is desirable. To do this, raise the level in the thistle tube by applying positive pressure through the vacuum outlet tube until the height of the broth in the thistle tube is about 1 in above the fluid level in RF-A.
Take the culture bottle from the beaker in whiclh it rests and hold this upside down. A magnet held on the outside of the culture bottle will prevent the magnetic bar in the inside from tumbling around. Raise the culture bottle so that the entrapped air will flow ahead of the liquid. Adjusting the flow rate. When the water bath temperature is 37 C, empty the thistle tube by releasing the clamp and applying mouth suction through the vacuum outlet tube which is then reclamped. Release the clamp between RF-A and the flow regulator. To adjust the flow rate now or anytime in the course of an experiment the procedure is as follows: clamp off the flow; swab the protruding end of the adjustable wire with alcohol; soften the wax on the flow regulator with a flaming wooden applicator stick; raise or lower the wire (a distance of 2 mm changes the flow by 3 or 4 ml per hr); allow the wax to harden again and overlap with a few more drops of melted wax; when this has hardened, release the clamp between RF-A an(d the flow regulator. This procedure takes abouit 5 min. Adjustment of flow rate is a trial and error affair, hence the procedure may need to be repeated several times. A flow rate plus or minus 1 ml per hr of the desired figure is satisfactory since this is within the range of variation of the apparatus.
Setting up the siphon. Attach the siphon at point a. Hold the siphon in position by attaching it to a ring stand with at least two clamps, one somewhere on the top of the siphon and another on the vertical glass tuibing between the tip of the siphon and a. Secture clamps on a and c.
Connect rubber tubing to the top of the siphon and attach to a vacuum line containing a trap.
Submerge the tip of the siphon in a 250 ml beaker full of water. Release the clamp on c at split second intervals to spurt the water up the siphon. Stop the vacuum when the siphon section from the tip to c to a is filled with water, and remove the beaker. Fit a piece of ftunnel-top or thistle top tubing with a rubber stopper that has a center hole the diameter of the siphon. By means of rubber tubing, connect this to a vacuum line containing a trap. Hold this connection tightly against the tip of the siphon. Release the clamp at a. Once the flow rushes through, stop the vacuum. While the broth is dripping from the siphon, establish a preliminary equilibrium at a volume, estimated by the markings on the culture bottle, which is still considerably more than that desired at the zero hour. Do this by moving the siphon up the ring stand. Now calculate the volume of broth which must still be drawn off to obtain equilibrium at the desired volume. This calculation is explained below by using an example from one of our experiments.
The object was to start with 150 ml of broth in the culture bottle and have a flow rate of 40 ml per hr. The following volumes entered the bottle before the siphon was adjusted:
2.5 ml D)ropped into the culture bottle during manipulations in starting the flow. This figure was obtained by multiplying the number of drops counted (36) by the average volume of each drop (0.07 ml at room temperature). 150.0 ml Added by pipette. 67.0 ml From 1% hours of flow during which time 3 flow rate determinations gave an average value of 38.28 ml per hr. 7.0 ml From 10 min flow calculated as the rate of 41.69 ml per hr. 226.5 ml 25.0 ml Volume added by pipette to reachl desired excess volume.
.5 ml 7'otal
The following volumes were removed from the culture bottle:
90.0 ml Harvested during establishment of the preliminary equilibrium as overflow from the siphon and measured in a 100 ml graduated cylinder. 2.0 ml Volume required to fill portions of siphon not previously filled with water. The volume still to be removed:
251.5 ml Total volume added.
92.0 ml Total volume removed.
159.5 ml 150.0 ml Volume desired at the zero hour.
ml
The final equilibrium was established by slightly lowering the tip of the siphon and allowing the broth to accumulate in a 10 ml graduated cylinder. The last few ml were "pulled out" by touching the graduated cylinder to the top of the siphon.
6.3 ml 2.6 ml 8.9 ml 9.5 ml 0.6 ml 150.6 ml Harvested in the graduated cylinder. "Pulled out."
Total removed in establishing final equilibrium.
Excess not removed. Actual volume at the start of the experiment. A variation in initial volume of 12 ml is acceptable.
Manipulations during the course of an experiment. Introduce the test inoculum through the right inlet and immediately release the clamp between RF-A and the flow regulator. Record this time as the zero hour. Remove samples for bacteriological examination through the right inlet. Because the siphon is not perfect, removal of a 1 or 2 ml sample does not cause a backflow; but with larger samples connection a should be clamped shut and not reopened for a few ininutes after removal of the sample.
To replenish the supply of culture medium in RF-B, transfer broth from RF-C in the followinig manner: remove the tip of the free piece of rubber tubing on RF-B from the germicidal solution (8 per cent formaldehyde in 70 per cent isopropanol) in which it has remained immersed; flame the open end to remove the germicide and attach it to the clamped-off connection from the bottom outlet of RF-C which contains 4 L of sterile broth autoclaved at 121 C for 55 miii; attach vacuum line of RF-B to a pump and effect the transfer.
Fill RF-A in the following way: secure a clamp between RF-A and the flow regulator, and another clamp on the rubber tubing of the thistle tube. Apply vacuum through the vacuum outlet of RF-A to induce the transfer of broth from RF-B which takes about 5 min; disconnect the vacuum outlet from the vacuum source; release the clamp on the thistle tube, and secure one between RF-B and RF-A. As broth begins to fill the thistle tube, empty the thistle tube by applying mouth suction through the vacuum outlet tube until air bubbles come through the thistle tube, then clamp off the vacuum outlet tube. Now release the clamp between RF-A and the flow regulator.
The siphon may need to be emptied of accumulated gases. This does not have to be done until the siphon section from the rubber junction b to the top of the siphon at rubber junction c is filled with gas. Secure a clamp on rubber junction a. Submerge the tip of the siphon in a 250 ml beaker filled with water. Apply vacuum to the top of the siphon. Release the clamp on rubber junction c at split second intervals until the gas has been flushed out. Then remove the beaker and release the clamp on a.
Calculating the turnover rates per hour. During the 25 days that the experiment was in progress, 41 determinations of flow rate were taken. The calculated average was 42.26 ml per hr. Minimum and maximum turnover rates per hr were also calculated in order to indicate the range of variation in the experiment. Figures from the same experiment will illustrate how these turnover rates were calculated and the range of variation to be expected.
150.6 ml Calculated to be in the culture bottle at the zero hr. 150.0 ml Measured in a graduate at the end of an experiment (the measured volume at the end of an experiment is always less than that calculated-sometimes the difference is as much as 10 ml 
